Using the effective Lagrangian formalism, the anomalous magnetic and electric dipole moments of the tau-lepton in the µ + µ − → µ + γ * γ * µ − → µ + ττ µ − process at the future muon colliders at the √ s = 1.5, 3 and 6 TeV are investigated. In addition, the bounds at the 95% confidence level on the dipole moments of the tau-lepton using different integrated luminosities are estimated. It is shown that the µ + µ − → µ + γ * γ * µ − → µ + ττ µ − process leads to a remarkable improvement in the existing experimental bounds on the anomalous magnetic and electric dipole moments of the tau-lepton.
I. INTRODUCTION
A high priority on the physic program for the current and future of High Energy Physics (HEP) is the quest for physics Beyond the Standard Model (BSM). With this motivation a µ + µ − collider at the CERN, is one of the potential candidates for a future energy frontier colliding machine. The original idea about the possibility of muon colliders was proposed by G.I. Budker [1] , Skrinsky and Parkhomchuk [2] and Neuffer [3] . More recently, a collaboration of different members, has been formed to coordinate studies on specific designs [4] [5] [6] . The design of this collider demonstrates a novel high-energy and high-luminosity collider type, which will permit exploration of HEP at energy frontiers beyond the reach of currently existing and proposed electron-positron colliders. In addition, the proposed 1.5,
3, 6
TeV center-of-mass energies µ + µ − collider in the CERN provides outstanding discovery potential and can complement the physics program of the Large Hadron Collider (LHC).
The reason as well as the advantage for interest in muon colliders is that they are fundamental leptons with a mass that is a factor of 207 greater than the mass of the electron or positron. As for an electron, the full center-of-mass energy is available in an interaction.
But because of the large mass, there is essentially no synchrotron radiation from the muon in comparison to electrons and positrons. Consequently, the machine can be circular and much smaller than the current design of linear electron-positron colliders, and the hope is that the sum of development and construction costs will not be so high as to make the realization unaffordable.
A muon collider will accelerate two muon beams in opposite directions around an underground ring 6.3 km of circumference. Beams will collide head-on and scientists will study what results from the collision to search for dark matter, dark energy, the matter-antimatter asymmetry, supersymmetric particles, signs of extra dimensions and other subatomic phenomena. Furthermore, a muon collider has the characteristic that it focuses on a region of energy to discover the physical phenomena that the LHC can not reveal on its own. A muon collider would provide a clear and unobstructed view of the subatomic world. In addition, the beauty of a muon collider is that the collision events are clean.
Starting from the feasibility of a muon collider to study new physics, we study the anomalous Magnetic Moment (τ MM) and Electric Dipole Moment (τ EDM) of the tau-
− process at the future muon collider at the √ s = 1.5, 3 and 6 TeV. In addition, the bounds at the 95% Confidence Level (C.L.)
on the dipole moments of the tau-lepton using different integrated luminosities L = 10, 20, 50, 100, 200, 300, 400, 500, 710 f b −1 and systematic uncertainties of δ sys = 0%, 3%, 5%
are estimated.
In our study, the quasi-real photons in γ * γ * collisions can be examined by Equivalent
Photon Approximation (EPA) [7] [8] [9] , that is to say, using the Weizsacker-Williams approximation (WWA). In EPA, photons emitted from incoming leptons which have very low virtuality are scattered at very small angles from the beam pipe and because the emitted quasi-real photons have a low Q 2 virtuality, these are almost real. These processes have been observed experimentally at the LEP, Tevatron and LHC [10] [11] [12] [13] [14] [15] [16] . In particular, the most stringent experimental limit on the anomalous τ MM and τ EDM is obtained through the process e + e − → e + γ * γ * e − → e + ττ e − by using multiperipheral collision at the LEP [17] .
The study for the dipole moments is a very active field with ongoing experiments to measure the dipole moments of a variety of physical systems such as Atoms, Molecules, Nuclei and Particles, see e.g. Refs. [18] [19] [20] for recent reviews. In addition, the dipole moments of particles can be probed by analyzing decay and collision processes. This has been done for the tau-lepton in processes such as e + e − → e + e − τ + τ − by DELPHI Collaboration [17] and e + e − → τ + τ − by BELLE Collaboration [21] , respectively, obtaining the followings bounds:
and BELLE :
A summary of experimental and theoretical bounds on the dipole moments of the τ -lepton are given in Table I of Ref. [22] . See Refs. for another bounds on the τ MM and the
The paper is organized in the following way. In Section II, are given the gauge-invariant operators of dimension six. In Section III, we study the total cross-section and the dipole moments of the tau-lepton through the process
Finally, we present our conclusions in Section IV.
II. ELECTROMAGNETIC CURRENT AND OPERATORS OF DIMENSION SIX
A. τ + τ − γ vertex form factors
The proposed high-energy and high-luminosity µ + µ − collider offers new opportunities for the improved determination of the fundamental physical parameters of standard heavy leptons. In this sense, compared to the electron or the muon case, the electromagnetic properties of the τ -lepton are largely unexplored. On this topic, a convenient way of studying its electromagnetic properties on a model-independent way is through the effective tauphoton interaction vertex which is described by four independent form factors. The possible electromagnetic properties of the τ -lepton are summarized in the most general expression consistent with Lorentz and electromagnetic gauge invariance for the τ + τ − γ vertex between on-shell tau-lepton and the photon [23, [49] [50] [51] [52] as follows
The quantities e and m τ are the charge of the electron and the mass of the τ -lepton, re-
and q = p ′ − p is the four-momentum of the photon. The form factors F 1,2,3,4 (q 2 ) have the following interpretations for q 2 = 0:
F 4 (q 2 ) is the Anapole form factor.
B. Gauge-invariant operators of dimension six
In theoretical, experimental and phenomenological searches most of the tau-lepton electromagnetic vertices search involve off-shell tau-leptons. In our study, one of the tau-leptons is off-shell and measured quantity is not directly a τ and d τ . For this reason deviations of the tau-lepton dipole moments from the SM values are examined in a model independent way using the effective Lagrangian formalism. This formalism is defined by high-dimensional operators which lead to anomalous τ + τ − γ coupling. For our study, we apply the dimension-six effective operators that contribute to the τ MM and τ EDM [53] [54] [55] [56] :
where
in which, B µν is the U(1) Y gauge field strength tensors and W I µν is the SU(2) L gauge field strength tensors, respectively, while ϕ and ℓ τ are the Higgs and the left-handed SU(2) L doublets which contain τ , and σ I are the Pauli matrices.
The corresponding CP even κ and CP oddκ observables are obtained with the electroweak symmetry breaking from the effective Lagrangian given by Eq. (7):
where υ = 246 GeV is the breaking scale of the electroweak symmetry, Λ is the new physics scale and sin θ W is the sin of the weak mixing angle.
These observables are related to contribution of the anomalous τ MM and τ EDM through the following relations:
III. THE CROSS-SECTION OF THE PROCESS
In order to study the opportunities of the muon collider as an option to sensitivity estimates on the τ MM and τ EDM in detail, we focus here only on the cross-section of the
The Feynman diagrams at the tree level are given in Fig. 1 .
The corresponding matrix elements for the subprocess γ * γ * → τ + τ − in terms of the Mandelstam invariantsŝ,t,û and from the anomalous parameters κ andκ are
Here, the Mandelstam variables areŝ = (
, while p 1 and p 2 are the four-momenta of the incoming photons, p 3 and p 4 are the momenta of the outgoing tau-lepton, Q τ is the tau-lepton charge and α e is the fine-structure constant.
WWA is another possibility for tau pair production, and the quasi-real photons emitted from both lepton beams collide with each other and produce the subprocess γ
In WWA, the photon spectrum is given by
where x = E γ /E µ and Q 2 max is maximum virtuality of the photon. In this work, we have taken into account the maximum virtuality of the photon as Q 
The reaction γ * γ * → τ + τ − participates as a subprocess in the main process
, and the total cross-section is given by
We presented results for the dependence of the total cross-section of the pro- 
of course, is fundamental that we apply these cuts to reduce the background and to optimize the signal sensitivity.
From Eqs. (20)- (25), the dependent terms on κ(κ) are purely anomalous, and the independent term of κ(κ) give the cross-section of the SM.
B. Sensitivity on theã τ andd τ through µ + µ − → µ + γ * γ * µ − → µ + ττ µ − at the muon collider A muon collider is an ideal discovery machine in the multi-TeV energy range. In this subsection, we assess the capabilities of future muon collider to test the existence of the τ MM and τ EDM by means of the process The total cross-section production as a function of κ(κ) has been computed in the previous section (see Eqs. (20)- (25) To estimate the sensitivity on the parametersã τ andd τ we consider the acceptance cuts given in Eq. (26), take into account the systematic uncertainties δ sys = 0, 3, 5% and we adopt the statistical method for the χ 2 defined as [22, 42, [58] [59] [60] [61] [62] [63] 
with σ BSM ( √ s, Q 2 max ,ã τ ,d τ ) the total cross-section incorporating contributions from the SM and new physics,
is the statistical error and δ sys is the systematic error. The number of events is given by N SM = L int × σ SM , where L int is the integrated luminosity of the µ + µ − collider.
We now discuss the reach at different center-of-mass energies in the sensitivity estimates determination on the τ MM and τ EDM. As we will show below, the sensitivity of the electromagnetic properties of the tau-lepton, and in particular its magnetic and electric dipole moments, may be measured competitively in these facilities, using the pro- show that anomalous couplings κ andκ can be probed with very good sensitivity in a muon collider. 
IV. CONCLUSIONS
We perform a comprehensive study of the sensitivity to both the total cross-section of the process µ + µ − → µ + γ * γ * µ − → µ + ττ µ − and on theã τ magnetic moment and thed τ electric dipole moment, with respect to the parameters of the future muon collider, √ s and L, as well as of the virtuality of the photon Q 2 max . We consider the most general Lagrangian coupling of two tau-leptons and the photon (see Eqs. (7)- (13)), which involves bothã τ and C.L., through the process Table III . This compares favorably with earlier DELPHI and BELLE studies for τ MM and τ EDM (see Eqs.
(1) and (2)), and readily provides leading sensitivity forã τ andd τ .
We already show through Figs. 2-19 and Tables I-III that a future µ + µ − collider, currently at 95% C.L., through the process envisioned as a machine for new physics BSM, will have leading sensitivity to probing both a τ andd τ couplings simultaneously through the process
However, it is worth mentioning that significant room remains to be explored in both thẽ a τ andd τ couplings.
In conclusion, our study complement and extend previousã τ andd τ sensitivity estimates made for various specific collider environments. In general, the muon collider with the highest integrated luminosity in proposal can reach better sensitivity couplings in the high energy region. In addition, this collider with larger center-of-mas energies is able to explore broader parameter space in the high energy region. 
